Document made available under the 
Patent Cooperation Treaty (PCT) 



International application number: PCT/EP05/002931 
International filing date: 18 March 2005 (18.03.2005) 

Document type: Certified copy of priority document 

Document details: Country/Office: EP 

Number: 04006765.4 

Filing date: 20 March 2004 (20.03.2004) 



Date of receipt at the International Bureau: 07 July 2005 (07.07.2005) 



Remark: Priority document submitted or transmitted to the International Bureau in 
compliance with Rule 17.1(a) or (b) 




World Intellectual Property Organization (WIPO) - Geneva, Switzerland 
Organisation Mondiale de la Propriete Intellectuelle (OMPI) - Geneve, Suisse 



J 



Europaisches 
Patentamt 



European 
Patent Office 



PCT/EP200 5 / 0 0 2 9 3 



Office europeen 
des brevets 



Beschei n ig u ng Certificate 



Attestation 



Die angehefteten Unterla- 
gen stimmen mit der 
ursprungllch eingereichten 
Passu ng der auf dem nach- 
sten Blatt bezeichneten 
europaischen Patentanmel- 
dung dberein. 



The attached documents 
are exact copies of the 
European patent application 
described on the following 
page, as originally filed. 



Les documents fixes a 
cette attestation sont 
conformes a la version 
initialement deposee de 
la demande de brevet 
europeen sp^cifiSe k la 
page suivante. 



Patentanmeldung Nr. Patent application No. Demande de brevet n*" 

04006765.4 



Der Prasldent des Europaischen Patentamts; 
Im Auftrag 

For the President of the European Patent Office 

Le President de roffice europeen des brevets 
p.o. 



R C van Dijk 



EPA/EPO/OEB Form 1014.1 - 02.2000 7001014 



1 



Europaisches European Office europeen 

Patentamt Patent Office des brevets 



Anmeldung Nr: 

Application no.: 04006765.4 
Demande no: 



Anmeldetag: 

Date of filing: 20.03.04 
Date de d€pot: 



Anmel der/Appl IcantC s)/DeinandeurC s) : 

Teijin Twaron B.V. 
Westervoortsedijk 73 
6827 AV Arnhem 
PAYS-BAS 



Bezelchnung der Erf 1 ndung/Tl tl e of the Inventlon/Tltre de 1' Invention: 
(Falls die Bezelchnung der Erflndung nicht angegeben 1st, slehe Beschrelbung. 
If no title Is shown please refer to the description, 
SI aucun titre n'est 1nd1qu6 se ref erer a la description.) 

Composite materials comprising FPTA and nanotubes 



In Anspruch genommene Prlorlat(en) / Priori tyCles) claimed /Priori t6(s) 
revend1qu€eCs) 

Staat/Tag/Aktenzelchen/State/Date/Flle no./Pays/Date/Num^ro de d€p6t: 



Internationale Patentklasslflkatlon/Internatlonal Patent Classification/ 
Classification Internationale des brevets: 

C08K/ 



Am Anmeldetag benannte Vertragstaa ten/Contracting states designated at date of 
flllng/Etats contractants d€s1gn€es lors du d€pdt: 

AT BE BG CH CY CZ DE DK EE ES FT FR GB GR HU IE IT LU MG NL 
PL PT RO SE SI SK TR LI 



04006765. 4 

EPA/EPO/OEB Form 1014.2 - 01.2000 7001014 



2 



a 



CQN2600 EP EPO - Wlunlch 

COMPOSITE MATERIALS COMPRISING PPTA AND NANOTUBES 



The invention pertains to composite materials comprising PPTA (poly-p-phenylenetere- 
plithalamide) and nanotubes, to a spin dope solution comprising the same, and to a 
process of making said solution, and to multifilament fibers made thereof. 

5 Composites of single-wall carbon nanotubes (SWNT) and aromatic polyamides are 
known from WO 03085049. According to this reference aromatic polyamide is added to 
SWNT to fonn the composite. It was also disclosed that aromatic polyamide can be 
mixed with SWNT in an acid to form a dope, which dope can be spun into a fiber or film. 
The homogeneous dope mixture was obtained by mixing SWNT and PPTA in sulfuric 

10 acid at 80-85® C for several hours. The preferred aromatic polymer is PPTA. The method 
used in this reference has various disadvantages. For Instance, if fibers are made only 
monofilament fibers are obtained. Further, tensile strength and modulus are relatively 
low. Tensile strength of 0.33 to 0.35 GPa and modulus of 13 to 19 GPa were obtained 
with the as-spun fiber. A further disadvantage of this method is the need of large 

15 quantities of SWNT in the mixture. According to this reference about 5 to 1 0 wt.% of 

SWNT, based on the total weight of SWNT and PPTA. is necessary to obtain composite 
materials with the above tensile strength and modulus. Because SNWT are extremely 
expensive compounds, this is a serious burden to commercialization of such products. 

20 There is a need to composite materials of nanotubes and aromatic polyamides with 
higher tensile strength and higher modulus, obtained from a spin dope that is also 
suitable for making multifilament fibers and yarns, and which may contain small quantities 
of nanotubes without detrimental loss of tensile strength and modulus. The composite 
materials should further have excellent compression strength, and preferably have flame- 

25 retardant properties. 

It is an object of the invention to obtain a substantial improvement of the known method 
for making composite materials comprising nanotubes and aromatic polyamides. 
To this end the Invention relates to a composite material comprising PPTA (poly-p- 
30 phenyleneterephthalamide) and carbon nanotubes having an aspect ratio of at least 100 
and a cross-sectional diameter of 5 nm or less, obtainable by adding the nanotubes to 
sulfuric acid, decreasing the temperature to solidify the mixture, adding PPTA to the solid 
mixture, heating to above the solidifying point and mixing the mixture, and spinning, 
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casting, or molding the mixture to the composite material containing 12 wt.% of 
nanotubes or less, based on the total weight of nanotubes and PPTA. 

IVIore particularly, the invention pertains to a method for making a spin dope solution 
5 comprising the steps: 

a) adding the nanotubes having an aspect ratio of at least 100 and a cross-sectional 
diameter of 5 nm or less to sulfuric acid at a temperature above the solidifying point of the 

sulfuric acid; 

b) decreasing the temperature to below the solidifying point of the sulfuric acid and mixing 
10 for a sufficient time to solidify the mixture: 

c) adding PPTA to the solid mixture; and 

d) heating to above the solidifying point and mixing the mixture. 

By the solidifying point of oincentrated sulfuric acid Is to be understood within the scope 

1 5 of the invention the temperature at which for the first time a solid phase begins to fomn in 
the liquid sulfuric acid which Is cooled with stining. Values for the solidifying point of 
concentrated sulfuric acid can be found in the literature. The term "concentrated sulfuric 
acid" means sulfuric acid having a strength of at least 96 % by weight. Use may be made 
of concentrated sulfuric acid containing up to 20 % by weight of free SO3. 

20 The sulfuric acid to be used in step b) of the process according to the Invention may have 
any temperature below its solidifying point. Considering that there are economical and 
technical disadvantages to the use of extremely low temperatures, however, the 
temperature to be chosen will generally not be more than 50«» C below the solidifying point 
of the sulfuric acid to be used. The temperature of the sulfuric acid, cooled down to below 

25 its solidifying point, is preferably lower than O** C. Moreover, to prevent premature melting 
of the solid sulfuric acid It is prefen-ed that use should be made of sulfuric acid cooled 
down to at least C below its solidifying point. The temperature of the PPTA to be 
combined with the sulfuric acid may be equal to, or higher or lower than room 
temperature, but need be so chosen that during the adding and the mixing processes the 

30 mixture remains in the solid state. Extremely high temperatures of the PPTA to be 

combined with the sulfuric acid will therefore be avoided. To prevent any heat introduced 
into the system by the PPTA or evolved in the mixing process from prematurely causing 
the mixture to melt it may be necessary to apply cooling during the process of bringing 
together the mixture of sulfuric acid and nanotubes and the polyamide and the mixing 
35 thereof. TTie temperature should preferably remain below the solidifying point of the 

sulfuric acid until the mixture has reached the homogeneity required for It to be used as 
spinning mass. If desired, the PPTA before It is combined with the sulftiric acid, may be 
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cooled to below room temperature, for Instance to below the solidifying temperature of 
the sulfuric acid. The preparation of the sulfuric acid cooled to below its solidifying point 
may be effected in various ways. The procedure is preferably such that the sulfuric acid is 
brought into a finely divided state before It is combined with the polyamide, which is also 
5 in a finely divided state, and mixed. By a finely divided state is to be understood within the 
scope of the invention a mass made up of particles which individually measure less than 
about 2 mm and preferably less than about 0.5 mm. Such particles may be bonded 
together to form conglomerates which during mixing are again split up into separate 
particles. Particulariy, the finely divided sulfuric acid may be present in a state which 
10 strongly resembles that of snow. The sulfuric acid should always be so finely divided that 
upon mixing it with PPTA it forms a mixture suitable to be used as spinning mass. 

To obtain the advantages of the process according to the invention it is necessary but not 
sufficient that concentrated sulfuric acid/nanotube/PPTA mixture should be intermixed at 

15 a temperature below the solidifying point of the sulfuric acid. Essential to the invention 
when making a spinning mass is that the concentrated sulfuric acid is cooled down to 
below its solidifying point before it comes into contact with the polyamide. Bringing 
together liquid sulfuric acid having a temperature above its solidifying point and finely 
divided PPTA followed by stirring at a temperature below the solidifying point of the 

20 sulfuric acid will generally result in obtaining a non-homogeneous mixture which is not or 
hardly suitable for spinning purposes. 

Surprisingly, the solidification step substantially improves the tensile strength and 
modulus of composites made of the above spin dope and make is possible to use minor 
25 amounts of nanotubes. Composite materials than can be made are, inter alia, fibers and 
films. The invention therefore also has the object of obtaining a fiber, particulariy a 
multifilament fiber obtainable from the hereinabove mentioned spin dope solution. More 
particularly, the multifilament fiber preferably contains at least 5 filaments, more 
preferably at least 20 filaments. 

30 

A similar method of applying a solidification step in making mixtures of sulfuric acid, 
PPTA, and inorganic whiskers is known from US 5,512,368. Thus according to Example 
1 of that reference silicon carbide whiskers were added to and mixed with concentrated 
sulfuric acid, after which the mixture was frozen and PPTA was added. This mixture can 
35 be used as a spin dope for making monofilament microcomposite fiber. The whiskers 
used in this method, however, are not comparable with the nanotubes of the present 
invention. Thus the whiskers according to this reference are inorganic materials. 
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particularly silicon carbide or silica, having a preferred aspect ratio of 5 to 50 and a cross- 
sectional dimension of about 0.1 to 1 .5 jim at an average lengtli of about 2 to 20 urn. 
Tiiese wliiskers thus iiave dimensions that are a magnitude greater than the Instantly 
claimed carbon nanotubes, and due to their giant dimensions are generally contained in 
5 high quantities in the fiber material, such as 25 wt.% according to Example 1 . 

According to the invention nanotubes are molecules made purely of carbon. Examples of 
such molecules are the buckyball or Buckminsterfullerene (C60 = sixty carbon atoms in a 
spherical shape). The term "nanotubes" particularly refers to tubular molecules such as 

1 0 tubular fullerenes, which is a tube that may be capped at each end by two hemispheres 
of C60 with only hexagonal units in its side walls. Further multl-walled carbon nanotubes 
(MWNTs: concentric cylinders of carbon) such as formed in a carbon arc discharge 
process are within the present definition of nanotubes. Preferably, however, the 
nanotubes are single-walled carbon nanotubes (SWNTs). Single-walled cartjon 

1 5 nanotubes are tubes in which a single layer of graphite (graphene) is rolled up into a 

tube. Graphene consists of carbon atoms in a hexagonal structure like chicken wire. The 
rolling up can be accomplished in various ways. For example, carbon-carbon bonds can 
be parallel or perpendicular to the tube axis. Alternatively, the carbon-carbon bonds can 
be directed between parallel and perpendicular to the axis. The differently wrapped tubes 

20 are distinguished from one another by a double index {n.m), where n and m are integers. 
This double index specifies the number of unit vectors (ai and 82) required to conned two 
atoms In the planar hexagonal lattice to form a tube. 

The nanotubes according to this invention have an aspect ratio of at least 100 and a 
25 cross-sectional diameter of 5 nm or less. Preferably, the nanotubes have aspect ratios 
greater than 150, more preferably greater than 200, and a cross-sectional diameter of 
less than about 2 nm. 

SWNTs are Important nanotubes according to the invention because they can reinforce 
30 PPTA fibers, for instance by incorporation at void regions or by bridging between two 
crystalline domains. In void regions the SWNT should interact with the polymer chains in 
the crystal. This can be accomplished by Van der Waals interactions. However, it may 
also possible to modify the surface of SWNTs in such a way that the hydrogen bonds are 
formed between a group on the SWNT surface and the amide groups that do not 
35 participate in the hydrogen bonds in the crystal (approximately one third of the amide 

bonds in aromatic polyamldes, such as Twaron®). In order to act as a bridge between the 
crystalline regions in a fibril, the SWNT should propagate through various crystalline 
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regions. Consequently, it is prefenred that the SWNT has a length of at least 100 nm 
(bridging three crystalline regions). 

It Is preferred that the nanotubes possess no curvature in the direction under strain. 
5 Curvature can dramatically reduce the mechanical properties of the nanotube/polymer 
composite. Although it is expected that nanotubes are aligned in the fiber direction 
through the liquid crystalline phase and drawing, special attention should be paid to the 
curvature. The best results are expected when the nanotubes are perfectly aligned along 
the fiber axis. 

10 

The term PPTA as used in the present invention stands for poly-p-phenyleneterephthal- 
amide, which polymer is made by polymerizing para-phenylenediamine (PPD) as 
aromatic diamine monomer and terephthaloyi dichloride (TDC) as para-oriented aromatic 
dicarboxyllc acid halide monomer. The definition of PPTA throughout this invention also 
15 includes such polymers wherein small quantities (less than 10 mole%, preferably less 
than 5 mole%, most preferably less than 2 mole%) of PPD and/or TDC are replaced by 
other aromatic diamine or dicarboxyllc acid halide monomers, such as 2,6-naphthalene- 
dicarboxylic acid dichloride, 2-chloroterephthaloyl dichloride, isophthaloyi dichloride, and 
2,5-diamino-benzenesulfonic acid. 

20 

Preferably, the mixture is mixed in step a) for 10 min to 6 h at 10 to 90° C, more 
preferably 30 min to 4 h at room temperature to 70° C, most preferably at 45-55° C. The 
nanotube before addition is preferably first dried, preferably at elevated temperature (for 
instance about 80° C) at vacuo for 2 to 24 h. Most preferably, the nanotubes are well 

25 dispersed in sulfuric acid (homogeneously distributed individual nanotubes) before Ice 
making. It is preferred to disperse the nanotubes by a sonification process to improve and 
to speed up the formation of the dispersion. Sonification can be performed with the usual 
sonification apparatuses, generally by sonification for 10 minutes to 24 hours at 10 to 90° 
C, for instance for 3 hours at room temperature. Once the solution is transformed Into Ice, 

30 by decreasing the temperature to below the solidifying point of the sulfuric acid, generally 
to 7 to -20° C, preferably to 2 to -12° C, It can be mixed with PPTA to form a solid 
spinning solution. Prior to adding PPTA to the mixture the temperature is preferably 
maintained at -5 to 0° C. 

The well dispersed nanotubes in sulfuric acid can penetrate Into the porous PPTA 
35 structure. Mixing is very critical In order to obtain a good dispersion of the nanotubes in 
the PPTA solution. The temperature in this mixing step is preferably elevated to ambient 
temperature and the mixture is mixed for at least 1 h. 
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According to the process of the invention use is made of a mass which Is prepared by 
intermixing PPTA and concentrated sulfuric acid/nanotube mixture in the solid state. 
Preferably, not until the sulfuric acid and the polyamide have completely been intermixed 

5 to a homogeneous mixture is the temperature of the mixture allowed gradually to rise to 
above the solidifying point of the sulfuric acid used. Although melting of the solid sulfuric 
acid particles might then be expected to give rise to the formation of a liquid sulfuric acid 
phase, such a phase is not noticeable In actual practice. In spite of the present mixtures 
of concentrated sulfuric acid/nanotubes and PPTA generally consisting of 75 to 85 % by 

1 0 weight of concentrated sulfuric acid, they have, even at temperatures above the 

solidifying point of the sulfuric add used, for instance above room temperature, a dry and 
sandy character. Apparently the sulfuric acid present is entirely absorbed by the polymer 
particles. For such a mixture to be spun It must, of course, be heated to a higher 
temperature. Depending on the composition of the polymer, the concentration and the 

1 5 Inherent viscosity of the polymer, the temperature would have to be in the range of 20° C 
to 120° C. 

Bringing the sulfuric acid/nanotubes and the polyamide together in step c) may be 
effected In various ways. The sulfuric add/nanotubes may be added to the polyamide or 

20 inversely. It is also possible for the substances simultaneously to be brought into a 

suitable space. The continuous preparation of the spinning mass may be carried out for 
instance with the aid of a mixer consisting of a housing provided with cooling elements 
and a rotary screw. Liquid sulfuric add is fed Into the inlet side of the housing, in which it 
is cooled. Into a following section, there where the temperature of the sulfuric add has 

25 sufficiently decreased, the finely divided polyamide is added. The rotary screw will then 
also serve as mixing device. Then the solid mixture has reached the discharge side of the 
housing, it is sufTiciently homogeneous to be used as spinning mass. Particulariy suitable 
is the method by which Into a vessel provided with a cooling device and a stirrer a liquid, 
concentrated sulfuric acid is introduced and subsequently converted, with stining and 

30 cooling, into a snow like mass and subsequently, with continued stirring, the finely divided 
polyamide mixture is added. 

The temperature of the PPTA/ nanotubes/sulfuric add mixture is elevated to above the 
solidifying point In step d) by applying conventional heating means. 

35 The composite material obtained has a tensile strength of at least 1 .5 GPa, preferably at 
least 2 GPa. and a modulus of at least 50 GPa. preferably at least 70 GPa, and can be 
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made of compositions containing 12 % by weight or less, preferably about 5 % by weight, 
most preferably about 1 % by weight based on the total of nanotubes and PPTA. 

The compositions of the invention, particularly the films and fibers made of the spinning 
5 solutions are suitable for applications where high tenacity, high modulus, and high 
compression strength are of importance, such in composites for automotives, bullet 
resistant materials, including soft and hard ballistics. 

The following Is an experimental example of the invention, which is illustrative of the 
10 inventions and should not be interpreted as limitative. 

Example 1 

A spinning solution (dope) was produced In a Drais mixer of 6 liter. During all spinning 
solution preparation steps, nitrogen was purged into the Drais mixer. The mixing chamber 
15 of the Drais mixer Is a double-walled chamber. The following procedure was used to 
prepare the spinning solution. 

• Adding 2001 grams of sulfuric acid (99.8 % by weight) to a preheated mixing 
chamber (wall temperature = 80** C) while purging the system with nitrogen. 

• Heating the mixture to a temperature of 50** C. 

20 • Adding 4.94 grams of single walled carbon nanotubes (SWeNT*^ dry 85% purified 

SWNTs (lyophillzed) grade S-P95-dry; SouthWest Nanotechnologies, Norman, USA) 
to the sulfuric add. The SWNTs were dried at 80** C under vacuum for 8-10 hours. 

• Mixing the solution (liquid sulfuric acid and the SWNTs) (mixing speed = 20 rpm) for 
120 minutes at a temperature of 50** C. 

25 • Transferring the mixture to a plastic storage bottle and sonicating (Bandelin, Sonorex 
super RK 1028H, 35 kHz) mixture for 3 hours (no heating was applied). 

• Transferring the mixture to the Drais mixer and decreasing the temperature to -10** C 
(temperature of mixing chamber wall resulting in a mixture temperature of 
approximately -2^ C) and waiting for 2 hours. The sulfuric acid became solid. 

30 • Increasing the temperature to C (temperature of mixing chamber wall), adding 
489 g of PPTA to solid mixture after 45 minutes and mixing for 1 hour at a wall 
temperature of -2** C. 

• Cooling was stopped, and mixing was performed for 1 1 hours. The temperature of 
the mixture slowly increased to ambient temperature. 

35 

Example 2 
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The spinning solution of example 1 was spun on a RandCastle spinning machine (a small 
scale spinning machine) which was adapted to the PPTA process in order to survive the 
contact with sulfuric acid. 

The RandCastle spinning machine consists of the following parts: 

a) Hopper 

b) Extruder (diameter = 6 mm and length = 240 mm; only 150 mm was used to 
transport and melt the spinning solution). 

c) Four heating units 

d) Spinning block 

e) Spinneret (6 spinning hole, diameter = 80 pm and Ud = 0.2). 

The following experiment was perfonmed with the carbon nanotube containing spinning 

solution (see Table 1). 

Tabel 1: Process settings during spinning 



Sample 


Extrusion 


Extrusion 


Speed 


Draw 


After- 


Filament 




rate 


rate 


after DR 


ratio (DR) 


drawing 


diameter 




(g/min) 


(m/min) 


(m/min) 






(Ijm) 


1 


0.77 


14.59 


74 


5.1 


1 


17.4 



In the experiment an air-gap of 0.5 cm was maintained. 

The coagulation medium (water) was refreshed with a water flow of 80 to 350 ml per 
minute. The water temperature was approximately 21 to 24° C. 

The yarn was wound on a bobbin. Subsequently, the yarn was neutralized, washed, and 
dried. The following procedure was used: 

• The yarn wound on a bobbin was washed in water (slowly streaming water) for 
approximately 60 minutes. 

• Subsequently, hydrogen carbonate was added to the water in order to neutralize the 
yarn (duration was approximately 1 day) and the yam was washed with water 
(duration was approximately 1 day). 

• The yam was dried in air for approximately 1 night. 
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Claims: 

1 . A composite material comprising PPTA (poly-p-phenyleneterephthalamide) and 
nanotubes having an aspect ratio of at least 100 and a cross-sectional diameter of 
5 nm or less, obtainable by adding the nanotubes to sulfuric acid, decreasing the 
temperature to solidify the mixture, adding PPTA to the solid mixture, heating to 

5 above the solidifying point and mixing the mixture, and spinning, casting, or 

molding the mixture to the composite material containing 12 wt.% of nanotubes or 
less. 

2. The composite material of claim 1 wherein the nanotube is a single wall nanotube 
10 (SWNT). 

3. The composite material of claim 1 or 2 wherein the content of nanotubes is 5 wt.% 
or less. 

15 4. The composite material of any one of claims 1-3 having a tensile strength of at 
least 1 .5 GPa and a modulus of at least 50 GPa. 

5. A process for making a spin dope solution comprising the steps: 

a) adding nanotubes having an aspect ratio of at least 100 and a cross-sectional 
20 diameter of 5 nm or less to sulfuric acid at a temperature above the solidifying 

point of the sulfuric acid; 

b) decreasing the temperature to below the solidifying point of the sulfuric acid 
and mixing for a sufficient time to solidify the mixture; 

c) adding PPTA to the solid mixture; and 

25 d) heating to above the solidifying point and mixing the mixture. 

6. The process according to claim 5 wherein in step a) the mixture is mixed for 10 
min to 6 h at 10 to 90° C. 

30 7. The process according to claim 5 or 6 wherein the temperature is decreased in 
step b) to 7 to -20° C. preferably to 2 to -12° C. 



8. 



The process according to any one of claims 5 to 7 wherein the temperature in step 
c) is maintained at -5 to 0° C prior to adding PPTA to the mixture. 
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9. The process according to any one of ciairns 5 to 8 wherein the temperature in step 
d) is elevated to ambient temperature and the mixture is mixed for at least 1 h. 

10. A multifilament fiber obtainable by spinning the spin dope obtained according to 
5 claim 5, characterized in that the fiber comprises at least 5 filaments. 

1 1 . A fiber having filaments comprising a mixture of PPTA and nanotubes, 
characterized in that the fiber Is a multifilament fiber comprising at least 5 
filaments and the nanotubes have an aspect ratio of at least 100 and a cross- 

1 0 sectional diameter of 5 nm or less. 
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Abstract: 

The invention pertains to a composite nnaterial comprising PPTA (poly-p- 
5 phenyleneterephthalamide) and nanotubes having an aspect ratio of at least 100 and a 
cross-sectional diameter of 5 nm or less, obtainable by adding the nanotubes to sulfuric 
acid, decreasing the temperature to solidify the mixture, adding PPTA to the solid 
mixture, heating to above the solidifying point and mixing the mixture, and spinning, 
casting, or molding the mixture to the composite material containing 12 wt.% of 
10 nanotubes or less 

The process comprises the steps: 

a) adding nanotubes having an aspect ratio of at least 100 and a cross-sectional diameter 
of 5 nm or less to sulfuric acid at a temperature above the solidifying point of the sulfuric 

acid; 

15 b) decreasing the temperature to below the solidifying point of the sulfuric acid and mixing 
for a sufficient time to solidify the mixture; 

c) adding PPTA to the solid mixture; and 

d) heating to above the solidifying point and mixing the mixture. 



